In this appendix, specific examples are provided that illustrate how exposures of different biological specimens for research purposes have been accomplished in an acceptable fashion, how dosimetry and problems associated with obtaining good dosimetry have been coped with, and how dosimetric factors are reported. The types of exposed material included in the examples are cells in tissue culture, other small samples such as Drosophila or seeds, small animals such as mice or rats, mouse tumors and large animals such as swine or dogs.
The aim of including these examples is not to provide extensive coverage or to recommend specific techniques or approaches. Rather, a few specific examples are presented of how different types of radiobiological exposures have been accomplished, and general references are furnished should the reader wish to obtain more detailed information. (Specific and general references for each subsection of this appendix are given at the end of the alphabetical references.) The presentation of the several specific exposure methods here must not be construed to mean that these approaches are the only, or necessarily the "best" or even the recommended approaches to accomplishing such irradiations. The examples illustrate many of the principles discussed in the report, particularly in Section 5.
A.2 X and Gamma Rays

A.2.1 Irradiation of Mammalian Cells with Gamma Rays
Cells in tissue culture are irradiated commonly under a wide variety of conditions. The following approach (Thomson and Rauth, 1974; Parker et al., 1969) is suitable for a suspension of cells:
In an investigation of hypoxic radiation sensitizers, KHT tumor cells were irradiated in suspension in a glass irradiation vessel as shown in Figure A . I. After the sensitizer was added as required, the suspension was stirred continuously during the irradiations. All irradiations were carried out using 6°C o gamma rays 10 General references for the appendices are listed separately after the general list of cited references. 36 at an absorbed dose rate of 390 rad min-1 as calibrated by ferrous sulfate (Fricke) dosimetry (Fricke and Hart, 1966) . Anoxic survival curves were obtained by flowing nitrogen through the vessel at about 0.5 1 min-1 for 40 min, a procedure which had been shown previously to give the highest survival for a given absorbed dose ofradiation. Then, with the nitrogen still flowing, the suspension was irradiated to a total absorbed dose of 2828 rads. Samples were removed after each 404 rads, taking care not to introduce air into the vessel while sampling. The nitrogen used contained an oxygen fraction of less than 10- 4 , In some experiments in which it was necessary to measure the effect of a sensitizer as soon as possible after addition to the suspension, the sensitizer was placed in a separate vial and gassed at the same time as the cell suspension. The sensitizer was then added to the cells which were irradiated immediately. Postirradiation addition of sensitizer was achieved by irradiating a cell suspension hypoxically and then adding the sensitizer.
A.2.2 Irradiation of Mouse Tumors with X Rays
An arrangement for irradiating mouse mammary tumors with x rays, under various degrees of oxygenation, is described by Howes (1969) .
The irradiations were performed using an x-ray (Parker et al., 1969) . machine operating at 250 kV, 15 mA with 0.25 mm Cu and 2 mm Al added filtration (HVL: 1.5 mm Cu). Anaesthetized mice were placed in plastic cradles which, by being rotated through 180° midway through treatment, allowed the tumors to be irradiated tangentially from either side without their blood supply being seriously obstructed.
To obtain precise measurements of dose at the midpoint of the tumor, plastic capsules containing lithium fluoride powder were placed at various depths in a plastic phantom and exposed to the radiation. Absorbed doses were estimated by comparing the readings of thermoluminescence of experimental capsules with those of a secondary standard. V aria ti on in tumor dose was estimated to be less than ± 5 percent.
For the hypoxic irradiations, the tumors were held away from the mouse's body and the blood supply occluded by means of a small, plastic screw-down clamp for five minutes before and throughout the duration of the exposure. This procedure was found to have no significant effect on the growth rate of unirradiated tumors.
For the high pressure oxygen treatments, special brass containers were constructed, into which the anaesthetised mice were placed. Before treatment the containers were flushed with pure oxygen for two minutes at a flow rate of 2 1 min-1 • The gauge pressure was then raised to 200 kilopascals, to allow saturation of the tumor with oxygen to take place. This procedure was found to have no significant effect on the growth rate of unirradiated tumors.
The mean dose rate to the tumor for air breathing and hypoxic irradiations was 3.3 Gy min-1 (330 rad min-1 ) whereas for the high pressure oxygen treatments the mean dose rate was reduced by a factor of 0.88 due to a slight difference in geometry.
A.2.3 Irradiation of Large Animals with X Rays
When large animals are to be given whole-body irradiation considerable effort must be made to achieve a moderately uniform distribution of dose. An arrangement for irradiating 50-100 kg swine is shown in Figure A . 2 (Tullis et al., 1952) .
The radial beam of a 2000 kV industrial x-ray machine ( Figure A. 2) was used to irradiate 8 swine at one time at a distance of 2 m from the tube. The x-ray beam had an inherent filtration of 6.3 mm Fe giving a half-value layer of 4.3 mm Pb. Exposure calibration was carried out with a 100-R ionization chamber. The swine were held in curved plywood cages with a width of 28 cm. Since all animals were irradiated with their sides touching the walls of the rigid cage, the width of the animals was considered to be 28 cm. Depth dose measurements in a masonite 2000 kV x-ray unit with 8 animal cages at 2 m from the source for exposure to the radial beam (Tullis et al., 1952). phantom indicated that, with unilateral irradiation and for an exposure of 100 R at the midline in the absence of a phantom, the absorbed doses at the entrance and exit were 110 and 26 rads, respectively. In the bilateral irradiation, the variation in absorbed dose was less than 10 percent throughout the thickness of the animals.
This example is presented because it illustrates a satisfactory and straight-forward approach to exposing large animals to a "point source" of energetic x or gamma rays (Tullis et al., 1952) , or fast neutrons (Bond et al., 1956) , with a variation in absorbed dose of 10 percent or less throughout the thickness of the animal. Much more specialized approaches, frequently employing multiple sources, have been used (Bond and Robertson, 1957; Carter and Verrelli, 1973; Mobley et al., 1969; Sinclair, 1969; and Verrelli and Shosa, 1971) .
A.3 Fast Electrons
A.3.1 Accelerator-Produced Electrons
Accelerator-produced electrons cover the energy range from a few MeV up to several hundred MeV. Moving-belt high-voltage sources and cascade generators produce electron beams with a constant absorbed dose rate, whereas circular and linear accelerators in general, deliver pulsed radiation. Extremely short pulses of the order of a few nanose-conds, but with high instantaneous absorbed dose rate, can be produced by field emission machines. The irradiation set-up at these different sources differs very much, but the following aspects, illustrated in Figure A .3, are encountered commonly. The electron beam (A) is collimated by a diaphragm (B) of sufficient thickness and passes through a monitor chamber (C) (ICRU, 1972 ). An absorber plate (D) is chosen with suitable thickness to obtain full dose buildup. The irradiated sample in a glass or plastic dish (G) is contained in a closed box (F) ·with a thin entrance window (E). Temperature, magnetic stirring (H) and a special gas atmosphere can be chosen as suitable for the object and the type of experiment to be performed. The distance from D to G is made as small as possible in order to avoid inhomogeneous irradiation of the sample due to scattering of electrons in D (see also Markus, 1960; Markus and Sticinsky, 1961; Markus, 1969) . Double beam irradiati.on with two opposite fields can be used to increase the absorbed dose rate in the irradiated sample (Epp et al., 1973; Weiss et al., 1975) , or to flatten the dose distribution within the sample (Markus, 1960) . Depth dose distributions of high-energy electrons can be "shaped" to match, approximately those of soft x rays (Markus, 1957) . (Lovell and Shen, 1976) . The electron accelerator is of the traveling wave type and produces one hundred, 2 µ.s pulses of electrons per second. The absorbed dose per pulse at 5 meters from the end of the accelerator is 0.1 Gy (10 rads), monitored by means of a lithium fluoride dosimeter.
The beam of electrons passes horizontally ( Figure  A .5) through a 1.5 mm aluminium scatterer, then traverses 5 mof air and impinges on a 3.35 cm wall of gypsum held in an aluminum tray, followed by 5 cm lead. In the center of the wall is a 5 cm stepped hole into which fits a 2 cm cylindrical collimator. The gypsum stops those electrons not passing through the collimator. The lead absorbs the x rays and any secondary electrons produced in the gypsum. The dose transmitted through the gypsum/lead wall is not greater than 2 percent of the incident dose.
The anaesthetized mice were positioned on a Perspex platform so that the tumors projected into a scribed circle 2 cm diameter, which was to cover the exit port of the collimator by means of a locating lip on the other side of the platform. This was within the 95 percent isodose curve.
The mouse was gently strapped to the Perspex support shelf. A film packet was placed on top of the tumor to check the positioning of the beam, and a lithium fluoride sachet was fixed near the tumor to monitor dose. Dose was also monitored by two parallel plate ionization chambers at the entrance port of the collimator. The whole was then surrounded by a plastic bag through which warm air flowed to maintain the mouse body temperature.
Vertical Beam
Mouse tumors were irradiated with a vertical beam of 14 MeV electrons (Figures A.6 and A.7) from the St. Bartholomew's Hospital linear accelerator (Hawkes et al., 1968; Rotblat, 1955) . This accelerator delivers 1.3 ms pulses of electrons at 400 pulses/ second. The dose rate used was between 4 and 10 mGy pulses (0.4 and 1.0 rad/pulse). The anesthetized mice were then strapped onto a plastic platform in a position such that the tumors could be irradiated tangentially 11 A. 7). Care was taken not to apply pressure to the tumor or surrounding area. A 1-cm thick plastic scattering block was placed above the tumor, and the platform and mouse were put in a polyethylene bag with a gas inlet. The mice were allowed at least five minutes breathing 100 percent oxygen and were then taken into the accelerator room where they breathed 100 percent oxygen heated to 35°C for a further two minutes before and after exposure. For exposure under hypoxic conditions the mice breathed 100 percent nitrogen for 50 seconds, the radiation being given within the last 25 seconds, after which the mice were switched back, by remote control, to breathing 100 percent oxygen.
A 10 cm lead and steel collimator with a 2.5 cm diameter central hole was used to shield the body of the mouse while the tumor was being irradiated. The shield was placed on the magnetic columns attached to the plastic platform and adjacent as required. This set-up is almost identical to that used in an earlier mouse skin experiment (Fowler et al., 1965) .
Each exposure was monitored using a plastic ionization chamber 12 and the irradiation was terminated when the voltage on this chamber had reached the required value. Before each set of irradiations the plastic ionization chamber was calibrated against the National Physical Laboratory's Fricke standard at the same electron energy as used in the experiments. The former correction varies with the dose rate and its values at different dose rates were determined by comparison with a lithium-fluoride dosimeter. Some of the doses received were also checked by placing capsules of LiF beside the tumor during the irradiation.
In a number of different irradiation calibrations, the error in the average dose was found to be approximately ± 1 percent. However, the variation of dose distribution through the tumor was much greater. By using a "phantom" tumor made up of a plastic that in itself was a solid state dosimeter, the variation between maximum and minimum tumor dose was found to be 20 percent. Thus the overall dose accuracy would be about ± 10 percent. The scattered dose to the body of the mouse was about 1-2 percent.
A.4 Fast Neutrons
A.4.1 Accelerator Neutrons: Small Samples
The apparatus shown in Figure A .8 was used to irradiate small biological specimens such as cells in tissue culture, with fast neutrons under conditions in which dose rates ranged from 1.5 to 35 Gy h-1 (150 to 3500 rad h-1 ), depending on neutron energy (Marino et al., 1974) the charged particle beam. This particle beam provided neutrons from the p + T, d + D, and d + T interactions in energy bands from 220 ke V to 15 Me V over subtended angles that were small but adequate for the exposures.
The cells to be irradiated were packed at the bottom of 2 mm i.d. polystyrene vials. Both the vials and the disc on which they were mounted were rotated to ensure uniformity of exposure.
Measurements of absorbed dose rates were made at various angles around the target using a 6 mm diameter, spherical, gas multiplication, tissue-equivalent ionization chamber. These measurements were correlated to the response of the fixed, tissue-equivalent, thimble monitor ionization chamber mounted directly above the target. Random uncertainty of the absorbed doses delivered to specimens was typically less than 1 percent, while systematic uncertainty of absorbed doses was about 5 percent.
The photon component of the beam was a maximum of 7 percent and was evaluated with a miniature, energy compensated Geiger-Muller dosimeter inserted in one of the vial holes. Absorbed doses were delivered over time intervals of less than one hour to about three hours at rates which were maintained constant within about 10 percent. The temperature was kept at that of the room, constant to approximately± 1°C.
For irradiations with 15 Me V neutrons, the thickened end of the sealed plastic vial was adequate to maintain secondary charged particle equilibrium. The wall thickness of the spherical dosimeter maintained secondary charged particle equilibrium for neutron energies up to several MeV. For higher energies, a nylon cap was added to increase the wall thickness. Similarly, the tissue-equivalent plastic wall of the monitor chamber could be replaced with a 2.5 mm thick wall.
The absorbed dose in the dosimeter material was converted to the corresponding absorbed dose in the cells using tables of kerma factors (ICRU, 1977) . Walled and wall-less proportional counters were used to determine the lineal energy spectra (ICRU, 1977) .
The apparatus shown in Figure A . 9 utilized a horizontal charged particle beam and has been used to irradiate Drosophila melanogaster and other small specimens using fast neutrons generated in the forward direction by a Van de Graaff accelerator target (Goodman et al., 1972) .
The spacing shown for the specimen holders permitted relative absorbed doses of 1, 0.8, 0.6, 0.4, and 0.2 to be given to specimens. This spacing was maintained by precision gauge bars between the mounting brackets.
Absorbed doses were measured by sliding the dosimeter upstream to replace each of the specimen containers, and these measurements were correlated to the response of the monitor chamber. Overall uncertainty was typically about 5 percent. Photon absorbed doses, evaluated using a miniature, energy ·· compensated Geiger-Muller dosimeter were, typically about 5 percent of the total absorbed dose. The 0.8 mm thick circular walls of the specimen containers and of the dosimeter were adequate to insure secondary charged particle equilibrium for neutron energies up to about 8 Me V. For 15 Me V neutrons discs of tissue-equivalent plastic were added to the upstream surfaces to increase the wall thickness to 3 mm.
Nonuniformity of absorbed dose in the beam direction (inverse square attenuation) was minimized by rotating the specimen containers at mid-dose to interchange the upstream and downstream ends. The normal movement of the flies also tended to improve uniformity. Nonuniformity transverse to the beam was negligible for the nearly isotropic 15 Me V neutrons generated by the d + T interaction. Irradiations with lower energy neutrons employing the p + T and d + D interactions can result in significant variations of absorbed dose in the transverse direction, particularly ford + D. Calculations were used to evaluate variations for each container and for each irradiation condition utilized.
A.4.2 Accelerator Neutrons: Rat Exposure Figure A .10 shows the apparatus used to irradiate simultaneously 23 rats with neutrons of 0.43 Me V nominal energy at an absorbed dose rate of about 0.07 gray h-1 (7 rad h-1 ) using the p + T interaction (Goodman et al., 1972) . The mid-section of the plastic tubes used to contain the animals in the rotator was at an angle of 107° with respect to the incident proton beam. The 24th tube (at the top of the rotator) contained a tissue-equivalent ionization chamber for making absolute measurements. During animal irradiations, this chamber also served as a monitor in conjunction with the stationary monitor ionization chamber centered on the beam axis and downstream from the rotator. Since the two monitors were at different angles with respect to the target they provided data on the stability of the neutron spectrum.
The response of the small Geiger-Muller gammaray monitor, suspended from an overhead support, was correlated with gamma-ray dosimetry performed in a rat tube by normalizing both measurements to the response of the fixed ionization chamber. The gamma-ray absorbed dose in a rat was about 4 percent of the total absorbed dose.
Nonunifonnity of absorbed dose and of neutron energy was minimized by reversing the animals at mid-dose to interchange their upstream and downstream ends. Dosimetry studies and calculations (Marino et al. , 1974) were used to evaluate the absorbed dose received by the rat mammary tissue for the actual multilateral irradiation employed, and additional measurements were made to study the increase in neutron and gamma-ray absorbed doses to a rat produced by scatter from the other animals. Me V deuterons from the Medical Research Council Cyclotron (Bewley and Parnell, 1969) . The proportion of absorbed dose from gamma-ray contamination of the beam has been estimated to be less than 5 percent of the total dose. The neutron dose rate was about 0.5 grays per minute (50 rad min-1 ).
Two tumors were irradiated simultaneously, with neutrons collimated to produce two beams slightly divergent from horizontal. The collimator was constructed of borated polythene containing two steel tubes of 1.27 cm wall thickness and 2.54 cm internal diameter, which pointed at the target. The two rats were placed, one vertically above the other, at a distance of 75 cm from the beryllium target ( Figure  A.12) . The neutron dose across the irradiated area was uniform to within ± 3 percent, and the dose 3 mm outside the field was reduced to 3 percent of that in the irradiated area.
Before irradiation the rats were anaesthetized with sodium amytal, and placed on couches on an aluminum plate which was attached to a mock collimator. The tumors were aligned by eye, and the aluminum plate then transferred for irradiation. Alignment was rechecked on the mock collimator after irradiation, and the tumor was excluded from the study if this was found to be faulty (Field et al., 1967) .
A.4.4 Reactor Neutrons: Small Mammals
The High Flux Irradiation Room of the Argonne National Laboratory JANUS reactor, designed spe-cifically for animal irradiation with fission neutrons, is approximately 4.4 m long, 2 m wide and 2 m high (Williamson and Frigerio, 1972) . One long wall is curved and provided with shutters so that neutrons from the 200 kW (thermal) reactor can interact with a 235 U converter plate and provide a source of fission neutrons, the intensity of which may be varied by adjustments of reactor power. The room is lined with 10 cm of lead in order to reduce the exposure rate due to gamma rays from neutron interactions in the concrete. In addition, there is a layer of borated hardboard between the lead and concrete on the walls and floor, and a layer of borated-bauxite concrete above the lead ceiling.
Up to 400 mice in one loading ( Figures A.13 and A.14) can be exposed at dose rates up to 16 rads per minute of fast neutrons with a mean energy of 0.8 Me V (Figure A.15 ) and three percent gamma dose contribution. The dose contribution due to thermal neutrons is less than 0.05 percent.
For irradiation, the mice are placed in individual 
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disposable polyethylene cartons loaded on trays, which are stacked vertically in load frames. The standard exposure load is 8 frames (400 mice). Unused cartons are filled with dummy phantoms. The entire sequence is managed by a computer based data file, which is linked to dosimetry parameters for each experiment (Williamson, 1971) .
The absorbed dose to the animals, for both neutron and gamma exposure, was obtained by determination of: the spatial distribution of kerma in the radiation facility without biological specimens, the perturbation of kerma caused by experimental specimens, and the absorbed dose distributions within the specimens, or its average, as a function of kerma.
The neutron and gamma kerma rates at 275 locations in a 3-dimensional space of 4 m x 1. 75 m x 1.5 m high were mapped. A pair of 50 cm 3 acetylene and argon filled ionization chambers (Neary and Williamson, 1961) was used. Measurements of kerma in five of the frames fall within approximately ± 1 percent of the interpolated values. Randomization of mouse location in fractionated exposures effectively minimized any systematic errors.
Neutron spectra of neutron fluence rates ( Figure  A.15 ) were measured at representative points using proton recoil spectrometers (Bennett and Yule, 1972), activation detectors, and 3 He and 6 Li spectrometers (Frigerio, 1971 ). The kerma rate was calculated from these measurements using kerma/fluence factors, and the result agreed within 10 percent of that measured by ionization chamber techniques. The spectrum shows a peak at 0.8 MeV, and 10 percent of this peak neutron kerma rate at 5.5 MeV. The kerma-weighted mean spectral energy is 1.1 MeV.
Measurements with gold foils at the standard reference location, for 200 kW, show a thermal neutron flux density (under Cd) of approximately 1. 72 x 106 cm-2 sec-1 , which corresponds to a kerma rate (due to N(n,p) reactions only) ofless than 0.02 percent of the fast neutron kerma rate. The gamma-ray spectrum, measured using a Compton-recoil spectrometer, showed a large contribution of photons above 2 Me V (Gold and Freese, 1971) .
In order to measure the perturbation of neutron kerma by a load of 400 phantom subjects in exposure containers, measurements were taken in one frame at the end of the arch near the reactor face, and in another adjacent to the center of the arch. In the end position the kerma rate was reduced by 2.5 percent, while in the center position the reduction was 3.4 percent. There was no significant effect on the gamma/neutron kerma ratio. A simulated load of 400 mouse phantoms degraded the neutron energy spectrum slightly, and the full load of mice phantoms doubled the thermal neutron flux density and corresponding thermal kerma rate to 0.04 percent of the fast neutron flux density. The absorbed dose at the approximate center of a 30 g mouse phantom made of tissue-equivalent (TE) plastic, measured with ionization chambers, was between 72 and 83 percent of the kerma within the empty plastic mouse holder.
Depth-dose distributions were also calculated using the Monte Carlo method, and experimentallydetermined spectrum data ( Figure A.16) as input. A model was developed to facilitate computations of dose distribution in heterogeneous phantoms or animals (Frigerio and Branson, 1969; Frigerio et al., 1973; Bennett and Yule, 1972; Williamson, 1971; Williamson and Frigerio, 1972) . The combination of experimental, measurement, and computational techniques provided the necessary detailed information on dose ( Figure A.16) , microdosimetry and spectral distribution in the complex geometries used.
In Figure A .16 are shown measured depth-dose values in a large cube of water, 16 cm on a side. The computed values (open-circles) agree very well with those obtained using tissue-equivalent (TE) chambers filled with tissue-equivalent gas (crosses). Note that readings taken with a tissue-equivalent-walled chamber filled with air (open squares) yield a depthdose curve that has a plausible shape but which deviates significantly from the proper TE values. The deviation is due largely to the substantial flux of thermal neutrons shown in the figure. All readings normalized at 0.5cm depth Fig. A.16 . Computed and measured total absorbed dose (n+y) distributions along the axis of a cube of water 16 cm on a side placed with the center of one face at A (See Fig. A.14) , facing the reactor port. All data are normalized at a depth of 0.5 cm (Williamson and Frigerio, 1972) .
In Figure A .17 are shown relative thermal neutron flux densities, and neutron and gamma-ray absorbed dose distributions. The different dose distributions of these radiations yield the markedly nonuniform gamma-to-neutron absorbed dose ratio shown in the figure. 
A.5 Negative Pi Mesons
The negative pi meson beam was produced by bombarding a 10 cm target of copper or tungsten with 7 Ge V protons, extracted from a proton synchrotron.
The momentum spread was 15 percent and the mean pion momentum was adjustable up to 220 Me V c-1 but, generally, was set to 160 MeV ct, which is equivalent to an energy of about 70 MeV. A series of quadrupole magnets and a bending magnet formed a focussed horizontal beam of negative pi mesons 6 m from the target.
A plastic phantom ( Figure A.18) 20 cm x 20 cm x 24 cm was placed in a shielded experimental room. The phantom was made of sheets of plastic of 0.5 cm thickness, which allowed the mouse holder to be positioned at any depth in the phantom. Radiation doses were monitored by means of a calibrated 0.6 cm 3 transmission monitor (labeled AE in the figure) . The monitor was calibrated using cobalt-60 gamma radiation. The response of the chamber to pions was different from that for gamma rays because of the different mechanisms of energy absorption. However, the overall error in the absorbed dose measurement at the peak position has been estimated to be of the order of 10 percent and unlikely to exceed 20 percent.
The relative exposure between different positions in the beam used in biological experiments should be within an accuracy of better than 10 percent after taking into account the effect of the different spectrum of particles traversing the chamber in the peak and plateau positions. These particles are as follows: Dosimetry involved the following steps. (i) Scanning the beam vertically and horizontally with the ionization chamber in a fixed position in the phantom (approximately at the peak of the depth-ionization curve). This determined the central axis of the beam and enabled the plastic phantom to be accurately positioned. (ii) Determining the central axis depthdose curve to establish the position of the peak of the depth-ionization curve, and determine the peak to plateau dose ratio. After the depth-dose curve was determined, the mouse holders were positioned to be in the peak or plateau region ( -15 cm and -5 cm depth in plastic, respectively. (iii) During exposure of the animals the integrated dose was monitored on both the transmission chamber and the ion chamber (in position at the front of the phantom; labeled TC in Figure A.18) , and the beam was turned off when the required dose was reached.
The dose rate at the peak was approximately 0.6 Gy (60 rads) per hour for the copper target and approximately 1.5 Gy (150 rads) per hour for the tungsten target. The peak to plateau dose ratio was approximately 1. 6 and the size of the beam at the 80 percent (of the peak) isodose contour was typically 2.3 cm x 2.3 cm x 5 cm, with variations of the order 0.3 cm and 1 cm.
Sedated mice were placed in holders positioned in the peak and plateau. The testes rest in a well in the tube which was lined up with the central axis of the beam, and lie within the 80 percent isodose region. Air (or 10 percent 0 2 ) was passed through the tube for the duration of the radiation exposure.
A.6 Heavy Ion Beams
Heavy ion beams have been used extensively in radiobiology because they provide not only high-LET radiation, but also permit the exposing of samples in rather narrow and well-defined intervals of LET. Alpha particles from radioactive or other sources have been used for decades; however, the poor penetration of the particles has limited such studies to very small specimens (e.g., bacteria, cells in tissue culture). Accelerator-produced very-high energy particles provide adequate penetration, but with some sacrifice of the high-LET characteristic. Only recently has it been possible to obtain heavy ions in quantity of relatively high Z (up to that of argon), accelerated to energies sufficiently high to provide adequate penetration. These beams allow the study of the effects deep in tissue, by radiations of very high LET.
Below are provided an example of exposure of very small specimens to alpha particles (Barendsen and Beusker, 1960) and approaches to exposing biological specimens to accelerated heavy ions from the Bevalac machine in Berkeley (Curtis et al., 1978) .
A.6.1 Alpha Particles
The apparatus used for the exposure of mammalian cells in tissue culture by alpha radiation is shown in Figure A .19. Irradiation of the cells was carried out with a 100 MBq ( -3 mCi) 210 Po source of 6 cm diameter. In order to obtain a uniform distribution of dose across the culture dish, it was necessary to allow at least a 4.4 cm-distance between the source and the dish. It also was necessary to flush the chamber with helium to increase the range of the 5.3 Me V alpha particles (from 3.8 cm in air, to 23.6 cm in He). Two shutters were provided (B and C), the lower one dividing the tube into two compartments. Before the irradiation commenced, both compartments were flushed with helium. Then the culture dish with cells to be irradiated was placed on top of the tube, and the upper shutter was opened. Helium then replaced the air originally present between this shutter (C) and the Melinex bottom (D) in about a minute. The time of irradiation was controlled by the lower shutter (B). Alpha particles projected vertically from the source pass through 4.4 cm of helium and the Melinex bottom of the culture dish before entering the cells with a residual range equivalent to 22.4 µ,m, in water (residual energy about 3.8 MeV). The residual range of alpha particles projected from the source at angles with the vertical but entering the irradiation chamber is less than 22.4 µ,m, but at least 16.6 µ,m in water (3.2 MeV of energy). The average energy of the particles is about 3.4 MeV. The distribution of dose over the area of the culture dish is uniform to within 10 percent of the average value. The dose distribution in the vertical direction is uniform to within 10 percent of the average value over a distance from 0 to 15 µ,min water.
The absorbed dose of alpha radiation delivered to the cells was determined by counting the number of particles passing per minute through 1 µ,m 2 , by measurement of the total current in a large ionization chamber, and with an extrapolation chamber.
Absorbed dose rates of the order of D = 5 Gy min-1 were obtained from a 210 Po source of 133 MBq ( -4 mCi) activity at a distance of about 4 cm; up to 70 Gy min-1 from a 241 Am source of 100 MBq ( -3 mCi) can be obtained in a distance of about 3 mm, although the absorbed dose would be more variable with depth (Pohlit and Schafer, 1974) .
A.6.2 High Energy Heavy Ion Beams
The high-energy heavy-ion beams (e.g., carbon, neon or argon) used for radiobiological research at the Bevalac facility (Lawrence Berkeley Laboratory) enter the experimental area traveling horizontally above and parallel to an alignment bench constructed of parallel steel rails. A composite picture showing many of the devices used for dosimetry and collimation of the beams is presented in Figure A .20. Not all these devices are used in a given experimental setup.
In the in situ irradiation of solid tumors growing subcutaneously in the thoracic region of rats, the bench was set up in the following manner. -The initial collimator (1, in Figure A.20) provided gross definition of beam and absorbed any ions which emerged into the cave at large divergent angles. The "upstream" ionization chamber (2) provided dosimetric information and was used as a monitor with which to compare the "downstream" chamber (8) readings in the determination of dose vs. depth curves. These chambers are parallei plate transmission chambers consisting of three foils, a four quadrant foil, a highvoltage foil and a concentric ringed foil, mounted on lucite and nylon spacers in a gastight cylindrical aluminum housing flushed with dry nitrogen gas at a continuous low flow rate of about 200 cm 3 h-1 • The ringed foil is scribed to isolate various circular areas. The area with diameter 1 cm was chosen for these experiments since the irradiated tumors had an average diameter of 1.15 cm in the plane normal to the beam axis. A W-value of 34.9 eV/ion pair and a stopping power ratio of water to nitrogen of 1.125 were used to convert the charge collected on the 1 cm diameter circular area to absorbed dose in water at the position of the ionization chamber. The foil divided into four quadrants was used to give information on up-down and right-left beam positioning. The scintillation counters (3) were used in beam alignment procedures and were lowered out of the beamline for these experiments.
In order to shield the animals from unwanted whole-body radiation, two collimators were placed on the bench, one 19 mm in diameter at position (4) and one 16 mm in diameter placed immediately behind the downstream ionization chamber (8) of the animal. An absorber of repeated uniformly varying thickness, called a ridge filter (5), broadened the narrow peak in the beam direction so that a relatively uniform dose through the tumor could be obtained. The variation of dose along the beam line through the tumor region was estimated to be less than ± 10 percent. The "biologically effective" dose probably varied less than this, because the RBE is higher near the distal portion of the broadened peak region, thus compensating for less absorbed dose there. Behind the ridge filter, the variable water column (6) provided the appropriate water absorber thickness so that the tumors were positioned in the proper portion of the depth-dose curve. Immediately behind the water column, a second ionization chamber (8) provided beam alignment information and was used as the dose-cutoff chamber for the irradiations (see below). The 16 mm collimator referred to above was affixed to this chamber. For tumors irradiated in the broadened peak region, a teflon bolus was taped to the collimator (Figure A.21) . The tumors were positioned in a hemispherical volume 16 mm in diameter. Teflon, with density approximately twice that of water, causes twice the absorption of the same thickness of water. This procedure tended to m_ ake the dose within the tumor more uniform and also served to minimize the absorbed dose to adjacent healthy tissues. For both the "plateau" and peak irradiations, the animals were positioned with their body axes horizontal and perpendicular to the beam direction. For tumors irradiated in the high-energy or "plateau" portion of the depth-dose curve, the water column thickness was set to zero and the animals were placed at a tilt angle of roughly 45° to the horizontal in a vertical plane containing the beam line. This allowed the high-energy beam to pass through the tumor while minimizing the exposure of the animal's body behind the twnor. The positions of the animal!\ for the "plateau" and broadened peak irradiations are shown in Figure A. 
21.
A lead plate 1.6 mm thick was placed well upstream to spread out the beam laterally and produce a more uniform dose distribution over the tumor cross-sectional area. The lateral dose distribution with collimators in place was obtained with photographic emulsions exposed in the beam and subsequently scanned with a densitometer. The optical density of the exposed film is an approximate measure of absorbed dose. Lateral dose profiles thus obtained showed that the dose varied by less than 15 percent over the average tumor cross-sectional area in a plane perpendicular to the beam axis.
In order to determine the "downstream" ionization chamber dose corresponding to a desired absorbed dose in the tumor, a tissue-equivalent spherical ionization chamber (10) was used with a sensitive volume of 1 cm 3 and walls of tissue-equivalent material 0.14 cm thick. The chamber was placed at the tumor position (without bolus in place) and a depth of water was added to the water column equal to one half the maximum tumor diameter minus the spherical chamber wall thickness. The ratio of the reading of the spherical chamber to that of the 1 cm diameter circle of the "downstream" ionization chamber was obtained. The spherical chamber was then positioned as close as possible to the downstream chamber, with the water column set at the proper position for tumor irradiation and again, the ratio of the reading of the spherical chamber to that of the 1 cm diameter circle was obtained. The factor by which the desired dose at the tumor center had to be multiplied to obtain the dose at the "downstream" chamber was calculated by dividing the second ratio by the first. This factor provides an approximate correction for the difference in position of ion chamber and tumor center in the depth-dose curve and also corrects for the effect of beam scattering between chamber and tumor center. It is estimated that each effect makes a comparable contribution to reduction of the dose at the tumor position. The ratios obtained were typically 1.11. Dose rates varied between ion species but were typically several Gy per minute (several hundred rad per minute).
